Thrombospondins (TSPs) are extracellular regulators of cell-matrix interactions and cell phenotype. The most highly conserved region of all TSPs are the calcium-binding type 3 (T3) repeats and the C-terminal globular domain (CTD). The crystal structure of a cell-binding TSP-1 fragment, spanning three T3 repeats and the CTD, reveals a compact assembly. The T3 repeats lack secondary structure and are organised around a core of calcium ions; two DxDxDGxxDxxD motifs per repeat each encapsulate two calcium ions in a novel arrangement. The CTD forms a lectin-like b-sandwich and contains four strictly conserved calcium-binding sites. Disruption of the hairpin structure of T3 repeats 6 and 7 decreases protein secretion and stability. The availability for cell attachment of an RGD motif in T3 repeat 7 is modulated by calcium loading. The central architectural role of calcium explains how it is critical for the functions of the TSP C-terminal region. Mutations in the T3 repeats of TSP-5/COMP, which cause two human skeletal disorders, are predicted to disrupt the tertiary structure of the T3-CTD assembly.
Introduction
The thrombospondins (TSPs) are large, secreted, multimeric glycoproteins that modulate extracellular matrix (ECM) structure and cell behaviour. There are five TSPs in vertebrates, each the product of a different gene. TSP-1 and TSP-2 are homotrimers, whereas TSP-3, TSP-4 and TSP-5 (usually referred to as cartilage oligomeric matrix protein, COMP) are homopentamers (for reviews, see Lawler, 2000; Adams, 2001; Armstrong and Bornstein, 2002) . There exists a single pentameric TSP in Drosophila (Adams et al, 2003) . TSP-1 has been the most intensively studied family member and the prototype for functional analysis of other TSPs. Each subunit contains binding sites for cellular receptors, cytokines and ECM molecules. Its multifunctionality allows TSP-1 to assemble multiprotein complexes at the cell surface and thereby modulate cell behaviour. TSP-1 is involved in platelet aggregation, cell adhesion and migration, the regulation of proliferation, angiogenesis, wound healing and tumour growth (for reviews, see Lawler, 2000; Adams, 2001; Armstrong and Bornstein, 2002) .
Each protomer of TSP-1 and TSP-2 consists of an Nterminal domain, a coiled-coil oligomerisation domain, a von Willebrand factor-type C or procollagen homology domain, three TSP type 1 or properdin domains of known structure (Tan et al, 2002) , three TSP type 2 (T2) or EGFlike domains, seven calcium-binding type 3 (T3) repeats and a C-terminal domain (CTD) of E230 residues that shows no sequence similarity to any other protein domain ( Figure 1A ). The pentameric TSPs have a different N-terminal domain organisation and lack the type 1 repeats, but have in common with TSP-1 and TSP-2 the T2-T3-CTD arrangement. The T3 repeats and CTD are the most highly conserved region between all TSPs (Adams and Lawler, 1993a; Adams et al, 2003) . The structure of this region is thus of high interest for understanding the molecular interactions and functions of the TSP family.
The most striking property of the C-terminal region of TSPs is the profound dependence of protein conformation and function on calcium binding. The T3 repeats are a tandem of aspartic acid-rich motifs, which resemble EF hands in the spacing of acidic side chains (Lawler and Hynes, 1986) . Unlike EF hands, however, the calcium-binding loops of the T3 repeats are not flanked by secondary structure elements. TSPs have been shown to bind 10-12 calcium ions per subunit with high cooperativity and moderate affinity (average K D E0.1 mM) (Lawler and Simons, 1983; Misenheimer and Mosher, 1995; Chen et al, 2000) . Chelation of calcium by EDTA leads to a large shape change, visualised by rotary shadowing of intact molecules as an elongation of the Cterminal 'arms' and shrinking of the C-terminal globule (Lawler et al, 1985) . This has been attributed to collapse of the T3 repeats and indeed the entire T2-T3-CTD assembly . Other functions of the C-terminal region include cell adhesion and migration (for review, see Adams, 2001 ). Crucially, cell attachment activity depends on the calcium loading of TSP-1 (Lawler et al, 1988) . The cytoskeletal rearrangements associated with cell spreading are only elicited when C-terminal fragments of TSP-1 or TSP-2 are presented in trimeric form (Anilkumar et al, 2002) . Candidate receptors for this region include integrins that bind an RGD motif in T3 7 of TSP-1 (Lawler et al, 1988) , CD47 (Gao et al, 1996) and syndecan-1 ).
The C-terminal regions of COMP and TSP-4 bind ECM molecules including collagens I, II and IX, and are thus implicated in ECM assembly (Rosenberg et al, 1998; Narouz-Ott et al, 2000; Adams, 2001; Holden et al, 2001 ).
The C-terminal regions of TSPs are also involved in human disease. Two related autosomal dominant skeletal disorders, pseudoachondroplasia (PSACH) and multiple epiphyseal dysplasia (MED), are linked to mutations in COMP (Briggs et al, 1995; Hecht et al, 1995) . Notably, the great majority of mutations affect calcium-binding residues within the T3 repeats (for review, see Briggs and Chapman, 2002) . Mutant COMP aggregates in the endoplasmic reticulum of chondrocytes, leading to impaired COMP secretion, reduced cell viability and altered pericellular matrix (Delot et al, 1998; Holden et al, 2001; Dinser et al, 2002; Hashimoto et al, 2003) . The T2-T3-CTD region appears to be extraordinarily sensitive to mutation, with single missense or deletion mutations typically resulting in the loss of about half the exchangeable calcium ions (Chen et al, 2000; Maddox et al, 2000; Thur et al, 2001; Kleerekoper et al, 2002) . Recently, polymorphism of TSPs (N700S at the N-terminus of the T3 repeats of TSP-1 and A387P in the last T2 repeat of TSP-4) has been associated with familial premature coronary heart disease (Topol et al, 2001) . Like the COMP mutations, the TSP-1 polymorphism reduces calcium binding , but how the structural change predisposes to coronary heart disease remains to be established.
We have determined the crystal structure of a recombinant C-terminal fragment of TSP-1, spanning the last three T3 repeats and the CTD. The T3 repeats are devoid of secondary structure and are held together by a core of 12 calcium ions. The three T3 repeats and the lectin-like b-sandwich of the CTD are assembled into a compact unit. These results demonstrate how calcium binding so dramatically affects the properties of TSPs and indicate how mutations of calciumbinding residues in COMP can cause misfolding and disease.
Results

Construct design and crystallisation
To search for a crystallisable C-terminal fragment of TSP-1, we systematically extended from the N-terminus of the CTD and expressed these constructs in human embryonic kidney cells. The smallest construct that was both highly expressed and soluble spans the last three T3 repeats and the CTD (T3 5-7 -CTD; amino-acid residues 816-1152). To prevent disulphide isomerisation, which is known to occur in TSP-1 (Sun et al, 1992) and would frustrate crystallisation attempts, we mutated the free cysteine at position 974 to serine, the amino acid at this position in most other TSPs. Far-UV circular dichroism, fluorescence spectroscopy and limited trypsin digestion indicated that T3 5-7 -CTD C974S bound calcium and was saturated at E2 mM calcium. Calcium binding was associated with a considerable compaction of the protein, as evidenced by a 0.9 ml shift in elution volume from a 24 ml gel filtration column (not shown). To show that the T3 5-7 -CTD C974S mutant retained the biological functions of its parent molecule, we examined its cell-binding properties. C2C12 skeletal myoblasts and rat vascular smooth muscle cells attached to immobilised calcium-replete T3 5-7 -CTD C974S as strongly as to a previously studied recombinant T2 3 -T3-CTD fragment ( Figure 1B ). Being monomeric, T3 5-7 -CTD C974S only supported cell attachment but not spreading (Anilkumar et al, 2002) .
Because we failed to obtain crystals of T3 5-7 -CTD C974S, we removed the N-linked glycan by mutagenesis of the putative acceptor site at Asn1049. The N1049K mutation abolished glycosylation, as indicated by a shift to lower molecular mass on SDS-PAGE gels, but did not affect protein solubility or cell binding (not shown). The T3 5-7 -CTD C974S/N1049K double mutant could be crystallised in the presence of 5 mM calcium and its structure was determined to a resolution of 1.9 Å (Table I) .
Overall structure
We observed clear electron density for almost the entire T3 5-7 -CTD fragment. Only the N-terminal tag and residues 962-966 in the b2-b3 hairpin of the CTD are not defined in our structure. The T3 5-7 -CTD fragment adopts a compact structure of approximate dimensions 70 Â 50 Â 35 Å (Figure 2 ). At its heart is the globular CTD, which folds into a curved 15-stranded b-sandwich. T3 5 makes multiple contacts with loop regions at the top of the concave bsandwich face (view of Figure 2A ), while T3 6 and T3 7 form a tight hairpin that projects from the body of the structure. The interface between T3 5 and the CTD buries 940 Å 2 of solvent-accessible surface area, and a further 1240 Å 2 is buried in the hairpin interface. The glycosylation site at residue 1049, which was mutated to lysine to obtain crystals, is located below and behind T3 5 . An N-linked glycan could be accommodated at this position without causing steric clashes. There are four disulphide bridges in the T3 5-7 -CTD structure. Three of them link consecutive T3 repeats (see below for a definition of the repeats) and a fourth bridge links T3 7 to the extreme C-terminus of the CTD. The same sequential disulphide linkage was determined chemically for the T2 3 -T3-CTD region of TSP-2 (Misenheimer et al, 2001) . Residue 974, which is a free cysteine in native TSP-1 and serine in our construct (and in most other TSPs), is located between strands b3 and b4, and is buried by the calciumbinding b1-b2 loop. A total of 16 metal ions were identified in the T3 5-7 -CTD structure and assigned as calcium. There are four calcium ions in T3 5 , five ions in T3 6 and three ions in T3 7 . Four additional ions are bound to the edge of the CTD opposite the T3 6-7 hairpin. The calcium concentration in our crystals (5 mM) suggests that all observed metal sites are physiologically relevant.
Structure of the C-terminal domain
The globular CTD is a b-sandwich of two curved antiparallel b-sheets. The fold is an elaboration of the jelly roll topology, with strands b3-b7, b11 and b14-b15 forming the eightstranded jelly roll motif. The smaller seven-stranded sheet presents a convex face to the solvent, whereas the more radically curved eight-stranded sheet creates a deep concave cleft, which is completely filled by a short a-helix and residues contributed by four loops. The long b7-b8 loop is particularly prominent, closing off the pocket and all but burying the a-helix. The CTD contains two large hydrophobic cores, one between the two b-sheets and one within the concave cleft. Despite its unique sequence, the CTD was found to belong to a larger family of lectin-like folds. The DALI server (Holm and Sander, 1997) retrieved two calciumbinding lectin domains, which match the CTD of TSP-1 in its entirety. These structural homologues are p58/ERGIC-53 (Velloso et al, 2002) , an animal lectin functioning in the secretory pathway (r.m.s. deviation 2.7 Å for 164 Ca atoms, 7% sequence identity) and a plant lectin from Griffonia simplicifolia (Delbaere et al, 1993 ) (r.m.s. deviation 2.6 Å for 162 Ca atoms, 12% sequence identity), both members of the L-type lectin family (Dodd and Drickamer, 2001 ). The CTD of TSP-1 and the lectins are most similar in the b-sheets, but differ markedly in many loop regions, in particular those shaping the concave cleft.
There are four calcium ions bound to the lower rim of the CTD sandwich. The first ion is coordinated by three main-chain carbonyl groups in the b1-b2 loop and the side chains of Asp956 and Asp975. The second and third ions are bound in close proximity to each other by the Asp1001-Asp1002-Asp1003 sequence in the b5-b6 loop ( Figure 3 ). Each ion receives five ligands from the CTD. In the crystal lattice, the side chain of Asp825 from a neighbouring molecule completes the metal coordination by bridging the two calcium ions. Finally, a fourth ion is bound loosely by two main-chain carbonyl groups in b5-b6 loop and the side chains of Gln1024 and Asp1086. The location of the double-calcium site (Ca2 and Ca3) is intriguing as it broadly coincides with the calcium-dependent carbohydrate-binding site of the distantly related lectins. The long b7-b8 loop positions the solventexposed side chain of Trp1030 just above the double-calcium site, highlighting this region as a prime candidate for an interaction site. Crucially, residues involved in calcium binding to the CTD are strictly conserved across the human TSP family, indicating that they are required for the structure or function of all TSPs. There are no other striking surface features of the CTD offering clues about the location of receptor-binding sites.
Calcium coordination by the type 3 repeats
The most remarkable feature of the T3 5-7 -CTD structure is the intricate folding of the T3 repeats. The 120 residues preceding the CTD in our construct contain E30% aspartic acid and almost no aliphatic or aromatic residues, yet they are fully ordered in the crystal. The polypeptide chain, which 
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Structure of a thrombospondin C-terminal fragment M Kvansakul et al apart from b-turns and two turns of 3 10 helix is devoid of secondary structure, wraps around a series of calcium ions, creating a highly unusual protein structure organised around a metal core. The lack of secondary structure in the T3 repeat region is in reasonable agreement with circular dichroism spectra of TSP-1 and COMP T3 constructs (Thur et al, 2001; Misenheimer et al, 2003) .
To describe the calcium coordination by the T3 repeats, we must first define the repeating unit. There are 12 D 1 xD 3 xD 5 GxxD 9 xxD 12 motifs in every TSP sequence, which commonly have been grouped into seven repeats (Lawler and Hynes, 1986) . In this grouping, T3 2 and T3 4 are short and contain only one motif, whereas the other five repeats contain two motifs, which we will refer to as N-type and C-type motifs. In our structure-based definition of the T3 repeats, disulphide bridges link adjacent repeats, and the single motifs in T3 2 and T3 4 are identified as C-type motifs (Figure 4) .
The structurally most conserved part of the T3 repeats is the C-type motif, and T3 5 , T3 6 and T3 7 superimpose almost perfectly in this region. Each C-type motif encapsulates two calcium ions, which are likely to be bound with Figure 2 Overall structure of T3 5-7 -CTD. (A) Cartoon drawing of the T3 5-7 -CTD structure. T3 5 , T3 6 and T3 7 are in red, yellow and green, respectively. The CTD is in cyan and its b-strands are sequentially labelled 1-15. Disulphide bridges and residue 974 are shown in ball-and-stick representation and are in yellow. Calcium ions are represented by pink spheres. (B) Sequence alignment of human TSPs. The sequence numbering and secondary structure elements of TSP-1 are included above the alignment. Strictly conserved residues are in bold. Cysteines and calcium-binding residues are highlighted in yellow and pink, respectively. An RGD sequence in T3 7 (Lawler and Hynes, 1986 ) and two putative cell-adhesive sequences in the CTD of TSP-1 (Kosfeld and Frazier, 1993) are in green. TSP-5/COMP residues affected by missense mutations (see text) are indicated by red asterisks. (Figure 4) . The six-fold coordination is completed by the main-chain carbonyl group at position 7 and a water molecule bridging to the aspartate at position 9. The residue at position 6 adopts a main-chain conformation that is favourable only for glycine. The second (lower) calcium ion is seven-fold coordinated by the side Structure of a thrombospondin C-terminal fragment M Kvansakul et al chains at positions 3 and 5 (monodentate and bridging to the first calcium), the aspartate at position 12 (bidentate) and three carbonyl groups. The first and second carbonyl group always is donated by main-chain peptide bonds. In T3 7 the last ligand is also a peptide carbonyl group, but in T3 5 and T3 6 this position is taken over by the side-chain oxygen atom of a conserved asparagine (position 19 of the C-type motif). The polypeptide chain wraps around the double-calcium core, with a turn just before the crucial aspartate at position 12 providing the connection between the upper and lower loops. This arrangement is further stabilised by main-chain interactions and conserved residues not engaged in metal binding. The upper loop is stabilised by the conserved aspartate at position 9, and the lower loop is stabilised by a glutamine or glutamic acid at position 22 of the C-type motif. The N-type motif resembles the C-type motif, but seems to allow for more variation. A first calcium ion is coordinated as in the C-type motif. In T3 7 , this is the only ion bound to the N-type motif, because a lysine replaces the crucial aspartic acid at position 12. In T3 5 and T3 6 , a second calcium ion is bound by the aspartates at positions 3, 5 and 12, with the latter interaction being bidentate as in the C-type motif. However, unlike in the C-type motif, the polypeptide chain does not fully encircle the second calcium ion, leaving the metal coordination sphere incomplete and probably resulting in a lower affinity for calcium. In T3 5 and T3 6 , residues at positions 14 and 15, respectively, provide bonds to the second calcium ion. As in the C-type motif, position 6 of the N-type motif usually is a glycine. Additionally, there is an invariant glycine at position 8, which allows the close approach of the preceding T3 repeat to form the inter-repeat disulphide bridge. T3 6 is distinct from T3 5 and T3 7 in that a third calcium ion is bound to the outside of the N-type motif by the side chains of Asp880 (bidentate) and Asp887 (monodentate) and two main-chain carbonyl groups.
The D 1 xD 3 xD 5 GxxD 9 xxD 12 motifs of TSP T3 repeats resemble the classic EF-hand calcium-binding motif D 1 xD 3 xD 5 GxxxxxE 12 (Lawler and Hynes, 1986; Nakayama and Kretsinger, 1994) . Structural superposition reveals that the calcium coordination is indeed similar up to position 7. However, there are profound differences in the remainder of the metal coordination, the most obvious distinction being the different number of calcium ions bound (two by the TSP motifs, one by EF hands). EF hands also usually occur as interlocked pairs embedded in an a-helical fold, which sharply contrasts with the dearth of secondary structure in the T3 repeats. The superficial similarity between the T3 and EFhand motifs is probably due to the constraints of creating a calcium-binding pocket from a contiguous polypeptide segment, which seem to favour regularly spaced aspartic acids.
Tertiary structure of the type 3 repeat region The relative orientation of N-and C-type motifs within repeats is highly variable and seems to depend upon the tertiary structure context. We have retained the original definition of a total of seven repeats in TSPs (Lawler and Hynes, 1986) , but note that the T3 repeat portion of T3 5-7 -CTD could equally well be described as a chain of alternating high-affinity (C-type) and low-affinity (N-type) calcium-binding motifs.
The disulphide bridges between consecutive repeats are clearly important for the tertiary structure of the T3 repeat portion of T3 5-7 -CTD, but they appear to be insufficient to dictate the unique arrangement of repeats. T3 5 and T3 6 are joined in a relatively extended conformation, whereas T3 6 and T3 7 form a hairpin structure ( Figure 5A ). Remarkably, this hairpin is stabilised by a well-formed hydrophobic core consisting of residues (Leu894 and Val895 from T3 6 and Phe916 from T3 7 ) that are strictly conserved in all human TSPs and likely to be important for the structure. There is no interaction between T3 5 and T3 6 , apart from the Cys856-Cys876 disulphide bridge. Thus, the position of T3 5 in the T3 5-7 -CTD structure appears to depend largely on its contacts with the CTD. The majority of these contacts involve polar residues that are not conserved in all TSPs, and the disposition of T3 5 relative to the CTD could be different in other TSPs.
To determine the contribution of the T3 6-7 hairpin to TSP-1 folding and stability, we produced an N-terminally truncated construct lacking all of T3 5 and the N-type motif of T3 6 (T3 7 -CTD C974S). The shorter construct was produced less efficiently by the 293 cells than T3 5-7 -CTD C974S, indicating impaired folding and/or secretion. Gel filtration chromatography of T3 7 -CTD C974S revealed extensive protein aggregation, in sharp contrast to T3 5-7 -CTD C974S, which is 100% monomeric ( Figure 5B ). We conclude that disruption of the native T3 5-7 tertiary structure exposes hydrophobic residues, leading to poor protein solubility. In agreement with this interpretation, an NMR study of a COMP T3 5-7 construct has shown this region to be a stable subdomain with calciumdependent tertiary structure (Kleerekoper et al, 2002) .
Location of the RGD motif in type 3 repeat 7
The single RGD motif in T3 7 of human TSP-1 has been identified as a binding site for avb3 and aIIbb3 integrins (Lawler et al, 1988; Lawler and Hynes, 1989) ; however, not all cell types undergo RGD-dependent attachment to TSP-1 (e.g., Long and Dixit, 1990; Adams and Lawler, 1993b) . In the structure, the RGD sequence is located near the tip of the T3 6-7 hairpin and embedded in the N-type calcium-binding site of T3 7 ( Figure 5A ). The main-chain carbonyl group of Arg908 coordinates the calcium ion, while its guanidinium group interacts with Asp923 in the C-type motif, thus stabilising the extended conformation of T3 7 . Gly909 is largely buried and Asp910 makes two interactions with Ser903. Both Arg908 and Gly909 adopt an extended main-chain conformation. Because integrin binding requires the RGD motif to be presented in a b-hairpin context (Xiong et al, 2002) , native calcium-saturated TSP-1 is unlikely to be cell adhesive directly via its RGD motif. A related KGD motif in T3 6 , which is conserved in TSP-1 and TSP-2 species orthologues, is also located in a calcium-binding loop and equally unlikely to be involved in cell attachment.
The possible roles of calcium ions and disulphide bridges in RGD-dependent cell attachment to T3 5-7 -CTD were tested by comparing cell attachment under different calcium-loading conditions. For intact TSP-1 in 2 mM CaCl 2 buffers, C2C12 cell attachment is not RGD inhibitable (Adams and Lawler, 1994) , whereas attachment of human intestinal smooth muscle cells (HISM) is RGD-and avb3 integrin-dependent (Adams and Lawler, 1993b) . C2C12 cell attachment to T3 5-7 -CTD was maintained under different calcium ion concentrations, whereas HISM cell attachment increased at lower calcium ion concentrations but was decreased on EDTA- Figure 5C ). However, protrusive spreading of C2C12 cells was increased at 0.1 mM CaCl 2 (compare Figure 5D , panels i and ii). Whereas attachment of HISM cells was strongly RGD inhibitable under all conditions, the RGDinhibitable fraction of C2C12 cell attachment increased at lower calcium ion concentrations ( Figure 5C ). Moreover, C2C12 cells that attached to T3 5-7 -CTD prepared in 0.1 mM CaCl 2 were rounded in the presence of 1 mM GRGDSP peptide; control GRGESP peptide did not have this effect ( Figure 5C , panel ii insets). We also compared the effects of disulphide reduction on C2C12 cell attachment for two calcium-loading conditions of T3 5-7 -CTD. At 2 mM CaCl 2 , cell spreading was marginally increased ( Figure 5D , panel iii). At 0.1 mM CaCl 2 , reduction of T3 5-7 -CTD resulted in enhanced protrusive spreading of cells and elongated morphologies ( Figure 5D, panel iv) . This spreading was inhibited by GRGDSP peptide (not shown). Thus, calcium loading and disulphide bond status both contribute to RGDdependent cell adhesion on a cell-type dependent basis.
Mapping of TSP-5/COMP mutations onto the structure
Mutations in TSP-5/COMP that cause PSACH or MED are scattered along the entire T3 repeat region, but are significantly concentrated in the T3 5-7 portion; six mutations within the CTD have also been described. Most mutations are missense mutations or in-frame deletions of single residues (Briggs and Chapman, 2002; Mabuchi et al, 2003) . In view of the high sequence conservation of the T3-CTD region of TSPs ( Figure 2B ), COMP missense mutations were mapped onto the T3 5-7 -CTD structure (Figure 6 ). A total of 24 mutations map to the T3 repeats, 16 of which affect calcium-binding residues. Notably, many more mutations affect the C-type motifs than the N-type motifs (13 versus 3). This strong bias is consistent with our interpretation of the C-type motifs as the high-affinity calcium-binding sites critical for TSP folding. Mutations within a sequence of five aspartates in T3 6 of COMP produce particularly severe phenotypes (Mabuchi et al, 2003) . The corresponding region in TSP-1 (Asp877-Asp881) lies at the junction of the N-and C-type motifs and binds a unique calcium ion on the outside of the canonical calcium-binding loops. From sequence comparison, it seems likely that this arrangement is conserved in COMP and helps organise the T3 6-7 hairpin. Curiously, the adjacent N-type motif of T3 7 , which contains the RGD motif in TSP-1, is spared of disease mutations in COMP.
The effects of the six COMP missense mutations in the CTD are more difficult to rationalise. Two mutations, R718W and G719D, map to the b13-b14 loop. This loop is part of the interface between the CTD and T3 5 , raising the possibility that these mutations destabilise the T2-T3-CTD unit. The four remaining missense mutations affect solvent-exposed residues on the b5 strand, well away from T3 5-7 . A convincing structural explanation for the deleterious effect of these mutations will require a structure determination of the complete T3-CTD region.
Discussion
It has been appreciated since the first studies of TSP-1 that calcium binding evokes major conformational changes (Lawler et al, 1982) . Subsequent cloning revealed that all TSPs contain a tandem of putative calcium-binding motifs, termed T3 repeats. Many studies have demonstrated the importance of calcium binding to all levels of function of TSPs, from binding interactions, to cell attachment, to human genetic disease in the case of COMP (for reviews, see Adams, 2001; Briggs and Chapman, 2002) . However, the mechanisms by which alterations to calcium binding result in profound structural changes of the C-terminal region have remained obscure. Here we report the structure of a calcium-replete Cterminal TSP-1 fragment (T3 5-7 -CTD) and provide a structural interpretation for the tight coupling of calcium binding and folding of TSPs.
The T3 repeats represent a novel type of protein structure, in which the polypeptide chain wraps around a core of metal ions and secondary structure is notable only by its absence. Crucially, the T3 portion of the T3 5-7 -CTD fragment has many features that characterise the tertiary structures of conventional globular proteins, namely long-range interactions and the interdependence of local and global structure. Thus, we can begin to see how calcium binding underlies the acquisition of a complex folded structure in TSPs.
Equilibrium dialysis experiments have shown that 10-12 calcium ions are bound by each TSP chain (Misenheimer and Mosher, 1995; Chen et al, 2000) . The total calcium content determined by atomic absorption spectroscopy, however, is more than twice as high . Our structure affords a plausible explanation for this observation. The cage-like structure of the T3 repeat C-type motifs suggests a high affinity for calcium, and the majority of the Ctype calcium ions may exchange very slowly, in agreement with observations on a COMP T3 5-7 construct (Kleerekoper et al, 2002) . The moderate (K D E0.1 mM) binding seen by equilibrium dialysis would then correspond mainly to ions bound to the N-type motifs and the CTD. From the structure and from sequence analysis of the missing T3 repeats, we predict a total of 26 calcium ions per full-length TSP chain (14 C-type and eight N-type ions, plus four ions in the CTD), which is in excellent agreement with the latest experimental data . Electron micrographs show the calcium-replete T3-CTD region of TSPs to be a single globule (Lawler et al, 1985) . Furthermore, indirect evidence suggests the presence of multiple calcium-mediated tertiary contacts within the T2-T3-CTD unit . We are clearly unable to predict the location of the T2 and T3 repeats not included in our construct, but speculate that the double-calcium site in the CTD might be involved in such a tertiary contact, which could explain its strict conservation in the TSP family.
Calcium binding to TSP-1 modulates the reactivity of the free Cys974, which has been suggested to be important for the reduction of multimeric von Willebrand factor (Pimanda et al, 2002) . In calcium-depleted TSP-1, Cys974 can exchange with the disulphide bridges in the T3 repeats, which unmasks an integrin-binding RGD sequence in T3 7 (Sun et al, 1992) . Reductions of TSP-1 and TSP-2 are also known to increase RGD-dependent attachment of endothelial cells (Sun et al, 1992; Chen et al, 1994) . Whether integrin binding to the T3 repeats of TSPs is regulated by disulphide isomerisation in vivo is not known. The structure shows that Cys974 is buried and at 430 Å distance from the disulphide bridges of T3 [5] [6] [7] . However, it is easy to envisage how removal of calcium from the b1-b2 loop, which is shielding Cys974 from bulk solvent, would lead to a loosening of the CTD structure. Calciumdepleted T3 repeats are known to be random coils (Kleerekoper et al, 2002) and would be highly susceptible to attack by the exposed reactive thiol of Cys974. In the other vertebrate TSPs, Cys974 is replaced by a serine. TSP-2 has an even number of cysteines, whereas the pentameric TSPs have an unpaired cysteine near the C-terminus of the CTD. The corresponding TSP-1 residue at this position, Val1134, is deeply buried in the hydrophobic core of the CTD, suggesting that the pentameric TSPs do not undergo physiological disulphide reshuffling.
Our structure also provides a new perspective on putative cell-binding sites within the C-terminal region of TSP-1. Cell attachment to this region appears to involve multiple receptors and to depend on cell type (e.g., Long and Dixit, 1990; Adams and Lawler, 1993b; Chen et al, 1994; Adams, 2001 ). The putative integrin-binding RGD sequence in T3 7 (Lawler et al, 1988; Lawler and Hynes, 1989 ) is part of a calciumbinding motif and evidently of restricted availability for integrin binding in calcium-saturated TSP-1. Indeed, we found that the RGD-inhibitable attachment of smooth muscle cells to T3 5-7 -CTD was quantitatively increased under low calcium ion conditions. C2C12 cells, for which attachment to intact TSP-1 or T2 3 -T3-CTD is not RGD inhibitable, gained an RGD-dependent component of cell attachment under conditions of low calcium ions and reduction. For this cell type under these conditions, the joint contributions of RGDand putative CTD-dependent attachment mechanisms resulted in partial protrusive cell spreading on the monomeric T3 5-7 -CTD. It will be of future interest to determine if there are physiological mechanisms that regulate RGD accessibility. We note that there are cases of allosteric RGD peptide inhibition (e.g., fibrinogen) and it will be important to determine if the TSP-1 RGD motif directly mediates integrin binding.
Studies with synthetic peptides have implicated two CTD sequence regions in cell adhesion and binding to the receptor CD47/IAP (Kosfeld and Frazier, 1993; Gao et al, 1996) . One sequence (RFYVVMWK) maps to the central strand b7 that is completely buried in the CTD structure; the other sequence (IRVVM) maps to strand b12 and is also largely buried. Neither sequence appears available for direct CD47 binding. One explanation for this discrepancy may be that recombinant CTD of bacterial origin contains non-native conformations (McDonald et al, 2003) , which may display spurious activities. It will be important to conduct further studies into the mechanisms of cell adhesion to the C-terminal region of TSP-1 in the light of our structure.
Finally, our finding that the T3 repeat region assumes a complex tertiary structure explains why single missense or deletion mutations in this region of TSP-5/COMP have global consequences on calcium binding and protein function (Chen et al, 2000; Maddox et al, 2000; Thur et al, 2001; Kleerekoper et al, 2002) . COMP mutations have been found in all T3 repeats. However, the majority of mutations affect the T3 repeats contained in our structure (Briggs and Chapman, 2002; Mabuchi et al, 2003) , suggesting that the T3 6-7 hairpin structure is important for COMP folding, stability or function. Characteristic lamellar aggregates of misfolded mutant COMP are observed within the endoplasmic reticulum of chondrocytes from PSACH and MED patients (Maynard et al, 1972; Briggs and Chapman, 2002) . Interestingly, however, 293 cells readily secrete mutant COMP (Chen et al, 2000; Maddox et al, 2000; Thur et al, 2001) , indicating that intracellular COMP aggregation is a chondrocyte-specific pathology (Maddox et al, 1997) .
In conclusion, the high-resolution structure of the T3 5-7 -CTD portion of TSP-1 has revealed in detail the unique and critical role of calcium in assembling the C-terminal region of TSPs and has established a structural homology of the CTD with members of a family of animal and plant lectins. These structural insights provide a new framework for functional studies of this highly conserved region in all TSPs.
Materials and methods
Protein production
The complete cDNA of human TSP-1 was used to amplify by polymerase chain reaction (PCR) the regions coding for residues 816-1152 (T3 5-7 -CTD) and 877-1152 (T3 7 -CTD) of mature TSP-1. The forward primers introduced EcoRI and NheI restriction sites, and the reverse primers introduced a stop codon followed by XhoI and BamHI sites (primer sequences available upon request). The PCR products were cloned into the pUC18 vector using EcoRI and BamHI. Mutations were introduced in T3 5-7 -CTD using the QuikChange (Stratagene) kit, and transferred into T3 7 -CTD using ClaI and XhoI. The sequence-verified cDNAs were cloned into a modified pCEP-Pu expression vector (Kohfeldt et al, 1997) using NheI and XhoI. The pCEP-Pu vector used codes for a fusion protein consisting of the BM-40 signal sequence, followed by a His 6 tag and the respective insert sequence. After secretion and cleavage of the signal sequence, an APLVHHHHHHALA sequence remains fused to the N-terminus of the recombinant protein.
Human embryonic kidney (293-EBNA) cells, maintained in Dulbecco's modified Eagle's medium (DMEM) plus 10% fetal bovine serum, were transfected with the pCEP-Pu vector using Fugene reagent (Roche). Transfected cells were selected with 1 mg/ ml puromycin. Proteins were isolated from conditioned serum-free medium supplemented with 1 mM calcium acetate (CaAc 2 ) using TALON affinity resin (Clontech) and dialysed against 25 mM Na-HEPES pH 7.5, 140 mM NaCl and 1 mM CaAc 2 . T3 5-7 -CTD C974S/ N1049K was subjected to preparative gel filtration chromatography on an S200 column (Amersham) and eluted as a single peak corresponding to monomeric protein. The yield was 5 mg of pure protein/litre of culture medium.
Cell attachment assay
Cell attachment to T3 5-7 -CTD C974S/N1049K was determined as described for C2C12 mouse skeletal myoblasts, rat vascular smooth muscle and human intestinal smooth muscle cells (Adams and Lawler, 1993b, 1994; Anilkumar et al, 2002) . Recombinant monomeric fragments were coated at a concentration of 1 mM and trimeric TSP-1 was coated at 0.1 mM. As described in Anilkumar et al (2002) , monomeric proteins were non-adhesive below 0.5 mM. To prepare T3 5-7 -CTD C974S/N1049K with different calcium loadings, protein samples were diluted 1:200 from a 9.8 mg/ml stock into TBS containing either 2, 0.5 or 0.1 mM CaCl 2 , or 1 mM EDTA, each in the absence or presence of 1 mM dithiothreitol. Blocking and washing buffers contained the same additions. Cells were added for the 1 h assay in standard serum-free DMEM. GRGDSP or GRGESP synthetic peptides (498% purity; AnaSpec, San Jose, CA) were added to final concentrations of 1 mM, based on previous titration experiments ( Adams and Lawler, 1993b, 1994) . In some experiments, cells were fixed and processed for phalloidin staining of F-actin as described (Anilkumar et al, 2002) . Digital images were captured in XY from a Leica TCS-SP/SP-AOSB laser scanning confocal microscope under a Â 63 objective using Leica confocal software v2.5 and arranged for figures in Adobe Photoshop.
Crystallisation and structure determination Crystals of T3 5-7 -CTD C974S/N1049K were obtained by the hanging drop method at room temperature using a protein concentration of 6-10 mg/ml and 60% MPD, 100 mM HEPES pH 7.5 and 5 mM CaAc 2 as precipitant. The crystals belong to space group R32 with a ¼ b ¼ 162.34 Å , c ¼ 85.14 Å (hexagonal setting); the asymmetric unit contains one protein molecule and 54% solvent. Diffraction data were collected from frozen crystals at 100 K using a MAR image plate detector mounted on a Rigaku RU-H3R rotating anode X-ray generator equipped with OSMIC focusing mirrors (CuKa radiation; l ¼ 1.54 Å ). A high-resolution native data set was collected using an ADSC Quantum-4 CCD detector on beamline 9.6 at the SRS Daresbury (l ¼ 0.87 Å ). The diffraction data were processed with MOSFLM (Leslie, 1994) and programs of the CCP4 suite (CCP4, 1994). Heavy atom derivatives for phasing by multiple isomorphous replacement were obtained by soaking the crystals in artificial mother liquor supplemented with either 2 mM samarium acetate (for 3 days) or 3 mM K 2 PtCl 4 (for 18 h). Heavy atom sites were found by standard Patterson and Fourier techniques and refined with MLPHARE (CCP4, 1994) including the anomalous data (2.8 Å resolution; mean figure-of-merit 0.45). Although the phasing information was strong only to E5 Å , the electron density map after density modification with DM (CCP4, 1994) was of good quality. The model was built with O (Jones et al, 1991) and refined with CNS (Brü nger et al, 1998) . Data collection, phasing and refinement statistics are summarised in Table I . The coordinates have been deposited in the Protein Data Bank (accession code 1ux6). BOBSCRIPT (Esnouf, 1997) and RASTER3D (Merritt and Bacon, 1997) were used to prepare the figures.
